Background & Objective: Diabetes mellitus (DM) plays an important role in the pathogenesis of vascular complications including arteriosclerosis and ischemic stroke. Whether DM impacts intracranial aneurysm (IA) formation has not been extensively investigated. In this study, we tested the underlying mechanism of type one DM (T1DM) induced IA formation in rats.
Introduction
Hyperglycemia and diabetes play an important role in the pathogenesis of vascular complications including macroangiopathy and microangiopathy [1] , which lead to retinopathy, nephropathy, arteriosclerosis and increased ischemic stroke risk by 2-4 fold relative to those without diabetes [2] . Diabetes mellitus (DM) induces vascular endothelial damage and dysfunction, decreases cerebral tight junction protein expression [3] , and promotes artery intima-media thickness (IMT) [4] and atherosclerotic vascular disease. Endothelial damage [5] and reduction of tight junction protein expression are also related with cerebral aneurysm formation [6] . However, DM has been related to a decreased risk of aneurysm rupture in patients 60 years or older and in women [7] and does not predispose to the development or rupture of saccular cerebral aneurysms [8, 9, 10] . Patients with aneurysmal subarachnoid hemorrhages have a lower or equivalent prevalence of DM than the general population [8, 9, 10] . The mechanisms responsible for this negative association remain unknown.
Atherosclerotic blood vessels in diabetes are associated with inflammation and remodeling of the extracellular matrix. Advanced glycation end-products (AGEs) are a complex group of compounds formed via a nonenzymatic reaction between reducing sugars and amine residues on proteins, lipids, or nucleic acids. Receptor of advanced glycation end-products (RAGE) is the receptor of AGEs [11, 12] . The AGE/RAGE signaling pathway plays a critical role in arterial diseases that are characterized by endothelial dysfunction, accumulation of extracellular matrix proteins, intima-media thickening, and decreased elasticity, which accelerate the development of atherosclerosis in the diabetic patients and animals [13] . RAGE also promotes the development of abdominal aortic aneurysms by inducing matrix metalloproteinase 9 (MMP9) expression [14] . MMP9 degrades the extracellular matrix and is involved in control and regulation of inflammation [15] . Increased MMP9 expression was detected in stenotic and aneurysmal arterial remodeling [16] . As a proinflammatory factor, toll-like receptor 4 (TLR4) upregulates MMP9 expression [17] and mediates inflammatory responses and also contributes to arteriosclerosis [18, 19] . Our previous study has found that T1DM-MCAo rats exhibit significantly increased RAGE, TLR4 and MMP9 expression in macrophages in the ischemic brain compared to the ischemic brain of wild-type (WT) rats [20] .
Generally, smoking, excessive alcohol, untreated hypertension and female gender have been shown to be the most important risk factors for aneurysmal subarachnoid hemorrhage (SAH) [8, 21] . Recent, large-scale genome-wide association (GWA) studies have revealed consistent and replicable genetic markers of several complex diseases such as coronary artery disease, and type 2 diabetes may also contribute to IA development [22] . In this study, we investigated the effect of T1DM on IA formation and the underlying mechanism by which T1DM induces IA formation in rats.
Materials and Methods
All experimental procedures were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Henry Ford Hospital (IACUC approval number: 999). All efforts were made to ameliorate suffering of animals.
Diabetes Induction
Adult Male Wistar rats (250-275 g) purchased from Charles River (Wilmington, MA) were used. Diabetes was induced by a single intraperitoneal injection of streptozotocin into rats (STZ, 60 mg/kg, dissolved in citrate buffer, pH 4.5; Sigma Chemical Co., St. Louis, MO). The fasting blood glucose level was measured 10 days after STZ injection by using a glucose analyzer (AccuChek Compact System; Roche Diagnostics, Indianapolis, IN) with test strips for glucose (Polymer Technology System, Inc. Indianapolis, IN) according to the manufacturer's instructions. Diabetes was defined by a fasting blood glucose exceeding 300 mg/dl. All animals included in this study also had a fasting blood glucose exceeding 300 mg/dl ten days after streptozotocin injection and at euthanasia. 
Experiment Groups
Wild type (WT) non-diabetic rats were used as control (n = 7). T1DM rats were euthanized 4 weeks (DM4W, n = 7) or 10 weeks (DM10W, n = 7) after STZ injection. Immunostaining was performed on all rats.
Histological and Immunohistochemical Assessment
The brains were fixed by transcardial perfusion with saline, followed by perfusion and immersion in 4% paraformaldehyde before being embedded in paraffin. For immunostaining, a standard paraffin block was obtained from the bregma (21 mm to 1 mm) of the brain. A series of 6 mm thick sections were cut from the block. Every 10th coronal section for a total of 5 sections was used for immunohistochemical staining. Immunostaining for Trichrome (for differentiating muscle from collagen of arteries), asmooth muscle actin (a-SMA, a smooth muscle cell marker, mouse monoclonal IgG 1:800, Dako) and inflammatory mediators including RAGE (1:400; Dako, Carpinteria, CA, USA), MMP9 (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and TLR4 (goat polyclonal IgG; dilution 1:100; Cruz Biotech Inc., Santa Cruz, California) immunostaining were performed. Elastica van Gieson staining was used to show the thinning and loss of elastic tissue fibers in aneurysmal formation [23] . Control experiments consisted of staining brain coronal tissue sections as outlined above, but non-immune serum was substituted for the primary antibody. The immunostaining analysis was performed by an investigator blinded to the experimental groups.
Classification of Aneurysmal Changes
Classification of aneurysmal changes at the anterior cerebral artery-olfactory artery branching sites using microscopy findings with Elastica van Gieson staining were recorded as: 
Quantification of RAGE, MMP9 and TLR4 Expression
For quantitative measurements of RAGE, MMP9 and TLR4, five slides from each brain, with each slide anterior cerebral artery and olfactory artery were digitized under a 206 objective (Olympus BX40) using a 3-CCD color video camera (Sony DXC-970MD) interfaced with an MCID image analysis system (Imaging Research, St. Catharines, Canada) [26, 27] . RAGE, MMP9 and TLR4 were measured and expressed as ratio of positive area to luminal area of the anterior cerebral artery and olfactory artery. Data were analyzed in a blinded manner.
Trichrome Immunostaining and Measurement
Using Gomori One-Step Trichrome Stain (Sigma, St Louis, MO), brain sections were postfixed in Bouin fixative. Nuclei are stained with Weigert hematoxylin and then stained in Gomori trichrome stain followed by a 0.5% acetic water rinse. Connective tissue and collagen are stained blue, nuclei are stained dark red/ purple, and cytoplasm is stained red/pink. Artery intimae, media, and artery diameter (minimum diameter) were measured in the internal carotid artery (ICA).
251658240aSMA-positive Coated Arterial Diameter and Wall Thickness
The a-SMA stained vessels were analyzed with regard to small and large vessels ($10 mm diameter). The 10 largest arterial wall thicknesses and internal arterial diameters were measured. In addition, the total number of occluded arterioles in the bilateral hemispheres was counted.
Double Immunohistochemical Staining
To specifically identify RAGE, TLR4 and MMP9-reactive cells co-localized with macrophages (ED1), double immunofluorescence staining of RAGE/ED1, TLR4/ED1 and MMP9/ED1 were performed. Fluorescein isothiocyanate (FITC, Calbiochem, San Diego, CA, USA), 4, 6-diamidino-2-phenylindole (DAPI, Vector Laboratories) and cyanine-3 (CY3, Jackson Immunoresearch, PA, USA) were used for double-label immunoreactivity. Each coronal section was first treated with the primary anti-RAGE, anti-TLR4 or anti-MMP9 antibody with Cy3, and then followed by ED1 with FITC. Control experiments consisted of staining brain coronal tissue sections as outlined above, but using nonimmune serum for the primary antibody.
To test cerebral vascular perfusion, FITC-dye (50 mg/rat in 2 ml PBS, IV) was injected at 5 min before euthanasia in another group of animals (n = 4/group). Animals were anesthetized with ketamine and fixed by 4% paraformaldehyde. The brain tissues were processed to acquire adjacent 100-mm thick coronal sections using a vibratome. Five sections from the bregma (21 mm to 1 mm) section were used to detect vascular perfusion by laser scanning confocal microscopy (LSCM) with the use of a Bio-Rad MRC 1024 (argon and krypton) laser-scanning confocal imaging system mounted onto a Zeiss microscope (BioRad) [28] . For FITC labeled coronal sections, green (FITC) fluorochromes on the sections were excited by a laser beam at 488 nm; emissions were sequentially acquired through 522 nm emission filters. Areas of interest were scanned with an 620 objective lens in 512.26512.2-mm format in the x-y direction and 0.5 mm in the z direction. The photos and quantification of FITC labeled vessels were processed by ImageJ (Wayne Rasband, National Institutes of Health, USA).
Statistical Analysis
All measurements and analyses were performed by normality of distribution, and the homogeneity of variances was tested including the biochemistry, and immunostaining. One-way analysis of variance (ANOVA) was used for the immunostaining analysis. Spearman correlation coefficients were calculated to study the correlation between aneurysm formation and immunohistochemical measurements. All data are presented as mean 6 standard error (SE).
Results

T1DM Increases Intracranial Aneurysm (IA) Formation (Figure 1)
To test whether diabetes regulates IA formation and alters elastic tissue fibers in the anterior cerebral artery-olfactory artery branching sites, Elastica van Gieson staining was performed [29] . We found that T1DM significantly increased aneurysmal formation identified by the classification of aneurysmal changes compared with non-DM rats ( Figure 1A-C) . The ratio of stage 1 and 2 aneurysmal formations to total artery number increased significantly in T1DM rats compared to non-DM rats ( Figure 1D , p,0.05), and all of the aneurysmal formations were in stage 1 and stage 2, but not in stage 3 ( Figure 1D ). To obtain insight into the possible underlying mechanisms of T1DM-induced arthrosclerosis and aneurysmal formation, RAGE, MMP9 and TLR4 expressions were measured. Figure 2 shows that T1DM significantly increased RAGE, MMP9 and TLR4 expression compared to non-DM rats at 10 weeks after diabetes induction (p,0.05, Figure 2A-C) . Figure 2D -F show that RAGE, TLR4 and MMP9 are predominantly detected in macrophages (ED1 positive cells) in the cerebral arteries. The results are consistent with previous studies [14, 20] . In addition, Figure 2G -I show that the increase of RAGE (r = 0.532, p,0.01; Figure 2G ), TLR4 (r = 0.634, p,0.001; Figure 2H ) and MMP9 (r = 0.522, p,0.02; Figure 2I ) expression significantly correlated with IA formation in T1DM rats.
T1DM Increases the ICA Intimae Thickness and Media Thickness, and Decreases the ICA Internal Diameter in Trichrome Staining (Figure 3) To test why T1DM increases IA formation in stage 1 and 2, but not in stage 3, and whether T1DM induces cerebral arteriosclerosis-like changes, Trichrome staining was used. Figure 3 shows that ICA intimae thickness and media thickness were significantly increased in T1DM rats compared with non-DM rats (p,0.05, Figure 3D , E). The ICA internal diameter was significantly decreased in T1DM rats compared with non-DM rats (p,0.05, Figure 3F ).
T1DM Decreases Cerebral Vascular Perfusion (Figure 4)
To test whether T1DM regulates cerebral vascular perfusion, FITC-dye was injected into rats. Figure 4 shows that the cerebral vascular perfusion significantly decreased at both time points (DM4W and DM10W) in T1DM rats compared to non-DM rats (p,0.01, Figure 4D ), and the cerebral vascular perfusion of DM10W was more attenuated compared to DM4W(p,0.05, Figure 4D ). The data indicate that cerebral perfusion is decreased with the course of diabetes. To test why T1DM decreases cerebral vascular perfusion, arterial internal diameter and occlusion cerebral arterioles number were measured. The cerebral arterial internal diameters were significantly decreased in T1DM rats at 4 weeks (DM4W) and 10 weeks (DM10W) after T1DM induction compared to non-DM rats (p,0.05, Figure 5D ). Concomitantly, the cerebral artery wall thickness and numbers of occluded cerebral arterioles were significantly increased in DM4W and DM10W rats compared to non-DM rats (p,0.05, Figure 5E, I ). In addition, there was no significant difference between DM4W and DM10W in arterial internal diameter and wall thickness (p.0.05, Figure 5D , E).
Discussion
In this study, to our knowledge we are the first to demonstrate that T1DM promotes the formation of intracranial aneurysm as well as significantly increases RAGE, MMP9 and TLR4 expression in the intracranial arterial wall compared to WT non-DM rats. We also found that T1DM increases cerebral artery IMT and atherosclerosis-like changes identified by decreased arterial diameter and cerebral vascular perfusion, and significantly increases the arterial wall thickness compared to non-DM rats.
Diabetes Increases Initial Stages of Intracranial Aneurysm Formation
Previous studies have found that diabetes increases vascular damage and atherosclerotic vascular disease [30, 31] . Consistent with these studies, we found that T1DM significantly increased artery IMT and vascular occlusion and decreased arterial diameter. There are several studies have investigated the effects of abdominal aortic aneurysm formation in diabetic population and demonstrated that diabetes does not aggravate aortic aneurysmal development [32, 33, 34] . However, T1DM significantly increased early stage intracranial aneurysmal formation (stage1 and 2), but not stage 3 intracranial aneurysmal formation. Our data suggest that T1DM promotes early intracranial aneurism formation, but does not promote aneurysm development to stage 3.
The reason for the reduced stage 3 aneurysm development in T1DM is not clear. Possible reasons may be related to: 1) dysregulation of tPA/PAI-1 signaling pathway. A previous clinical report showed that tPA thrombolysis could induce the rupture of cerebral aneurysms [35] . While hyperglycemia significantly increases PAI-1 expression [36] in cerebral arteries and also downregulates t-PA expression and activity [37] , which may increase inflammatory cell accumulation in the lesioned vessels and increase arterial intima-media thickness, and thus attenuates aneurysm diameter [38] , and thereby decreases saccular aneurysm (Stage 3 IA formation). 2) There may be vascular remodeling after arteriosclerosis in diabetics [16] . There are two major directions in which arterial remodeling may progress. Intima thickening and constrictive geometric remodeling of the artery wall are primary changes associated with the decreased lumen [16] . Expansive remodeling of the wall tends to preserve the lumen in the face of increased lesion burden. Therefore, the thicker intima-media and lower wall stress in diabetics may partly explain the protective effect of diabetes against aneurysm development [39] . 3) Hypertension is considered a risk for aneurysmal rupture [40, 41] . Previous studies have found that hypertension is more common in the diabetic population than in the general nondiabetic population [42, 43] , and hypertension and/or insulindependent diabetes mellitus significantly increases cerebral IA formation [44, 45] . In the current study, we investigated the effects of T1DM alone on the regulation of IA formation. The effects of diabetes in combination with hypertension on the IA formation and progression warrants further investigation. In addition, tPA thrombolysis could induce rupture of cerebral aneurysms and also increase IA formation [32, 35] . While tPA treatment of ischemic stroke in T1DM stroke rats significantly increases brain hemorrhage formation [46, 47] , whether the brain hemorrhage formation induced by tPA treatment is related with IA formation in T1DM animals, requires further investigation.
Increase Levels of RAGE, TLR4 and MMP9 Might Promote the Initiation and Formation of Intracranial Aneurysm and Atherosclerosis-like Changes in T1DM Rats
AGEs accumulate in the vessel wall and are implicated in both the microvascular and macrovascular complications of diabetes [48] . The expression of the AGE receptor RAGE is upregulated in endothelial cells, smooth muscle cells, and mononuclear phagocytes in diabetic vasculature, and such upregulation is linked to the inflammatory response [49, 50] , and it accelerates the development of atherosclerosis in patients with diabetes [13] . It has been generally accepted that the occurrence of aneurysm is related to the presence of severe atherosclerosis in the circulation [51] . Increased RAGE expression was detected in aneurysm formation in animal models and in human patients [14, 52] . RAGE affects the aneurysmal formation via nuclear factor kappa-light-chainenhancer of activated B cells (NF-kB) pathway to activate MMP9 expression [8, 53] . In addition, TLR4 initiates inflammation in diabetics and plays an important role in arteriosclerosis by inducing inflammation responses [18, 19] . TLR4 expression is apparently upregulated in the endothelial cell layer and adventitia of aneurysm walls [54] , and increases MMP9 expression in macrophages [27, 29] , which promote aneurysmal formation [55, 56, 57] . MMP9 degrades especially type IV collagen, the main constituent of the basement membrane [58] , and contributes to development of vascular lesions [59] . MMP9 is also involved in abdominal aortic aneurysm formation [32, 60, 61] . Inhibition of MMP9 therapy results in attenuation of aneurysm formation by suppression of inflammation of the aortic wall [62] . We found that diabetes significantly resulted in increased expression of RAGE, TLR4 and MMP9 in damaged arteries which also correlated with intracranial formation of aneurysms. The increased intracranial aneurysm formation may be regulated by inflammatory factors RAGE, MMP9 and TLR4 [63] .
Conclusions
In conclusion, this study demonstrates that Type-1 diabetes promotes cerebral aneurysmal formation as well as arteriosclerosislike changes in T1DM rats. Inflammatory mediators including MMP9, RAGE and TLR4 in diabetes might contribute the increased initiation and formation of aneurysm and arteriosclerosis. This study provides mechanistic insight into how T1DM promotes initial development of intracranial aneurysm but limits further progression.
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